Questions: Plant community composition can be influenced by multiple biotic, abiotic, and stochastic factors acting on the local species pool to determine their establishment success and abundance and subsequently the diversity of the community. We 
| INTRODUCTION
The roles of biotic interactions and stochastic processes as determinants of species composition and diversity in plant communities has long been explored and debated by ecologists (reviewed in Chesson, 2000; McGill, 2010; Vellend, 2010) . While competition has generally been emphasized as the most important biotic influence on community composition (Gurevitch, Morrow, Wallace, & Walsh, 1992) , facilitation has been suggested as an important process, particularly in stressful environments (Bertness & Callaway, 1994; Brooker et al., 2008; Kikvidze et al., 2011) . Additionally, there is evidence that species presence is determined principally by physical environmental constraints and/or stochastic factors, with biotic interactions playing a limited role (Brownstein et al., 2012; Hubbell, 2001; Volkov, Banavar, Hubbell, & Maritan, 2009 ). In general stochastic factors are thought to be more important determinants of community structure in communities with high species richness, while biotic interactions are more apparent in more species-poor environments (Perry, Miller, Lamont, & Enright, 2017; Wang et al., 2016; Weiher et al., 2011) . The probability of competitive or facilitative interactions among species during colonization declines with a larger species pool, an effect known as "stochastic dilution" (McGill, 2010; Wang et al., 2016; Wiegand et al., 2012) . The influence of stochastic factors has also been suggested to be more important in productive habitats whereas biotic interactions and microhabitat preference are more important in resource-poor environments (Chase, 2010) . Although multiple factors simultaneously influence the diversity and abundance of species within a community, their relative contribution may change with environmental factors such as climate, soils, age of the community and the suite of traits related to biotic interactions within the component species (Callaway, 2007; Spasojevic & Suding, 2012) . Here we investigated the influence of deterministic and stochastic factors on species composition in multiple communities within a single alpine ecosystem with the same soil parent material, macroclimate and species pool.
Alpine ecosystems are characterized by high heterogeneity in microclimate and soil fertility, with relatively distinct well-defined plant communities of mostly long-lived herbaceous perennials (Nagy & Grabherr, 2009; Walker, Walker, Theodose, & Webber, 2001) , and as such provide a useful model system for examining the roles of deterministic and stochastic controls on plant community composition. While often viewed as stressful and extreme, alpine biota are well adapted to this environment (Körner, 2003) . Plant species are distributed across the landscape in repeated assemblages (communities) in association with variation in topography and aspect (Billings & Mooney, 1968; Litaor, Williams, & Seastedt, 2008; Randin, Vuissoz, Liston, Vittoz, & Guisan, 2009; Walker et al., 2001) . These communities are associated with a wide range of habitat types, from windswept ridges with dry, coarse soils to moist sites with finer soils. The microclimate gradient also reflects a range in soil resource supply, with higher soil moisture and nutrient supply in sites with intermediate snow cover (Fisk, Schmidt, & Seastedt, 1998) . Across the southern and central Rocky Mountains there is a high degree of similarity of plant species within alpine communities among mountain ranges (Bowman & Damm, 2002) , indicating dispersal and stochastic factors may play limited roles in determining community composition. Plant communities exhibit clear changes in species dominance and often show relatively little similarity in species composition among communities across the alpine landscape (Bowman & Damm, 2002; Spasojevic & Suding, 2012) .
Competition and facilitation have both been suggested as important in determining composition within alpine plant communities.
Species removal and addition experiments have provided experimental evidence that competition Suding, Larson, Thorsos, Steltzer, & Bowman, 2004; Theodose, Bowman, Schardt, & Jaeger, 1996; Theodose & Bowman, 1997a,b) and facilitation (Choler et al. 2001; Olofsson 2004) can influence the presence and abundance of species. Experimental addition of resources limiting plant growth (N and P) influences the abundance of species and, as a result, species diversity Suding, Miller, Bechtold, & Bowman, 2006; Theodose & Bowman, 1997b) further indicating a potential role of competition in community composition. Facilitation has been suggested as the predominant biotic factor structuring alpine communities (Callaway et al., 2002) , based on comparisons of species responses to neighbour removals in alpine and sub-alpine communities. Facilitation has been described in association with specific plant growth forms, including cushion plants (Cavieres, Arroyo, Peñaloza, Molina-Montenegro, & Torres, 2002; Fajardo, Quiroz, & Cavieres, 2008) and N-fixing legumes (Jacot, Luscher, Suter, Nosberger, & Hartwig, 2005; Soudzilovskaia et al., 2012; Thomas & Bowman, 1998) , which have important local influences on species composition.
Generally most studies investigating biotic interactions and stochastic processes as determinants of plant community composition utilize a few representative species. Here we estimated the importance of net biotic interactions by analysing the spatial relationships (Leps, 1990; Wiegand & Moloney, 2004 of all abundant species within three alpine communities. Many factors may influence the spatial arrangement of species, and although biotic interactions are often inferred as principal contributors (Pacala, 1997) , stochastic factors can overwhelm interspecies interactions (Wang et al., 2016) . Negative spatial associations between species may be indicative of interspecific competition or other antagonistic interactions, while positive associations, leading to clustered distributions, suggest facilitation or strong microhabitat preference (Perry et al., 2002) . While seed dispersal can also influence spatial relationships (Howe, 1989) , we assumed the very strong winds at our study site (annual mean of 15 m/s) would minimize this influence, but if dispersal were a factor, it would be more important in determining intraspecific spatial patterning.
We used point pattern analysis (Wiegand & Moloney, 2004 of the paired relationships between species in three alpine communities with a common species pool, but differing in microclimate and resource supply, to address the following questions. (1) Are positive spatial associations between species more common than other spatial patterns in communities with low productivity and resource supply, consistent with the "stress gradient hypothesis" (Bertness & Callaway, 1994; Michalet et al., 2006) . (2) (Greenland & Losleben, 2001 ). The majority of precipitation falls as snow during the winter, which is redistributed by strong predominantly westerly winds. As a result relatively predictable patterns of snow accumulation occur across the alpine landscape by the start of the growing season, correlating with the spatial patterns of water availability, nutrient cycling and plant communities (Fisk et al., 1998; Taylor & Seastedt, 1994; Walker et al., 2001 ).
We selected three 2 m × 2 m representative plots within each of three alpine communities spanning the gradient of resource availability: fellfield, characterized by low plant cover and coarse-textured soils; dry meadow, characterized by intermediate plant cover and resource supply; and moist meadows, characterized by the highest plant biomass and nutrient and water supply (Table 1) . There is also a twofold difference in species richness among the communities (Table 1) The spatial relationships of pairs of species were analysed following the approach described in Velázquez, Martínez, Getzin, Moloney, and Wiegand (2016) . The data were organized as coordinates of a priori objects (species). The point-pattern spatial analyses were done using Programita (Wiegand & Moloney, 2004 . We used a bivariate pattern comparison, with a toroidal shift null model compared against a distribution generated by Monte Carlo simulations of 99 random rearrangements of one of the species within the plot. The program detected significant deviations from a spatially independent pattern using the O-ring secondary summary statistic (Wiegand & Moloney, 2004 . The O-ring statistic was used because of variance in the specific distance around each plant where interactions might occur (i.e. r, the radius might vary among species), due to variation in plant size and root and stem architecture. We constrained our analysis to the points within 15 cm of the species pair, reflecting the probable zone of interaction, based on previously demonstrated rooting zones and influences on microclimate and soil biogeochemistry. The species spatial patterns were categorized as pairs being closer (positive association), farther apart (negative association) or the same as expected based on the 95% confidence envelopes generated by the random model simulations that estimated spatial independence. This approach has been shown to be robust for detecting theoretical patterns of species in communities resulting from biotic interactions (Brown, Illian, & Burslem, 2016) .
We summed the occurrences of each spatial pattern for all the paired species comparisons and generated their proportions in each of the communities. To address whether the proportions of positive, independent or negative spatial associations varied significantly among the three communities, we used a multinomial logistic regression analysis of the proportions of the spatial patterns within the three communities. Similarly for the two species that occurred in two or more of the communities (Geum rossii and Carex rupestris), we also used multinomial logistic regression analysis to detect whether the spatial associations for these species with other species varied among the communities. Differences among the spatial patterns for the dominant, potential facilitator and competitor species, with other species in the communities were evaluated using chi-square likelihood ratio tests, with the null expectation of each spatial category occurring one-third (33.3%) of the time. Draws Lilliefors 95% confidence limits among the different spatial patterns were generated to determine significant differences in their occurrences. All tests were done using JMP Pro v 13.0 (Marlow, UK).
| RESULTS
When all species pairs were analysed, community type influenced the prevalence of the type of spatial patterning (Figure 1 ; df = 4, χ 2 = 19.2, p < .001). We predicted negative patterns would be more common than positive patterns in the more productive moist meadow community, and greater positive patterning relative to negative patterning in the less productive fellfield community. The significant community effect on the species spatial distributions was driven by the fellfield community, which had significantly lower negative relative to independent and positive spatial relationships (df = 2, χ 2 = 22.8, p < .001).
There were no differences among the three spatial distribution patterns in both the dry meadows, with intermediate resource supply and productivity (df = 2, χ 2 = 4.3, p = .11) and the most resource rich and productive moist meadows (df = 2, χ 2 = 3.4, p = .18).
The dominant species, which occupy 11% (fellfield, Paronychia pulvinata), 22% (dry meadow, Kobresia myosuroides) and 30% (moist meadow, Deschampsia caespitosa) of their respective communities, exhibited higher proportions of positive or negative spatial patterns than were found for all species pairs. The dominant species of the fellfields, the cushion plant Paronychia, exhibited significantly higher positive and independent spatial patterns than a negative pattern (Figure 2a ; df = 2, χ 2 = 10.9, p = .001), consistent with the hypothesis that it facilitates species establishment, and that facilitation would be important in the resource-poor unproductive fellfield community. In contrast, the dominant of the dry meadow, Kobresia, exhibited higher negative and independent spatial patterns with other species than positive spatial patterning (Figure 2b ; df = 2, χ 2 = 6.8, p = .03), suggesting competition is important in this community. Finally, Deschampsia, the dominant of the resource-rich and productive moist meadows, had significantly greater negative spatial arrangement with other species than independent or positive spatial patterning (which did not occur at all in association with any other species; Figure 2c ; df = 2, χ 2 = 23.0, p < .001), again suggesting that competition is the most important interaction with other species.
The consistency of the spatial patterning associated within individual species that occur across multiple communities was evaluated using Geum rossii and Carex rupestris, which occur in all three (Geum) or two (Carex) of the study communities. Geum showed a trend towards greater negative spatial patterning in the moist meadow community relative to the other two communities, but the effect of community as shown by multinomial logistic regression was weak (Figure 3a ; df = 4, χ 2 = 8.8, p = .06). The negative pattern was significantly higher than spatially independent or positive patterns for Geum in the moist meadow (df = 2, χ 2 = 11.8, p = .003) and marginally so for the dry meadow (df = 2, χ 2 = 5.5, p = .06). Carex exhibited similar patterning in both the fellfield and dry meadow communities (Figure 3b) , and community did not influence the spatial patterning of this species (df = 2, χ 2 = 1.20, p = .55). No differences in the spatial patterns occurred in the fellfield community for Carex, but the spatially independent pattern occurred more than the negative pattern in the dry meadow community (df = 2, χ 2 = 5.6, p = .05).
As shown earlier, Paronychia, the dominant in the fellfield community and also a cushion plant, exhibited more positive and independent spatial relationships with other species than a negative relationship 
| DISCUSSION
Our primary goal in this study was to examine whether spatial patterning of plant species varies with resource supply and productivity in communities within a single ecosystem type. Following the stress gradient hypothesis (Bertness & Callaway, 1994) , we predicted positive spatial patterning, indicative of facilitative interactions, would be most common in the least productive, resource-poor community (fellfield). Conversely we predicted that negative spatial patterning would be prevalent in the most productive, resource-rich community (moist meadow), indicating competition contributed to its community structure. When all species pairs were considered, fellfields had higher positive relationships than repulsed patterns, suggesting greater facilitation than competition in this community. No differences among the three spatial patterns were noted in the dry and moist meadow communities, suggesting that competition does not play a larger role than facilitation in overall species success in these communities. However the dominant species showed spatial relationships with other species more consistent with our hypothesis of a shift towards increased competition in the more resource-rich, productive communities. These trends provide some support to the notion that the abundance of species is more influenced by competition under more resource-rich conditions, while facilitation is more important in the more resource-poor fellfields. Generally dominant species exhibit more positive or negative relationships with neighbours than less abundant species (Wang et al., 2016) . The spatial patterning of species pairs also indicates that overall facilitation is not the principal biotic interaction in the alpine as a whole. Competition also appears to play a role in structuring alpine communities, consistent with experimental removal and resource manipulation experiments Suding et al., 2004; Theodose et al., 1996; Theodose & Bowman, 1997a,b) , yet its importance was apparent primarily for dominant species.
Spatially independent patterning occurred with equal, if not greater, frequency than the repulsed and clustered patterns in nearly all of the analyses. While there was evidence for both facilitation and competition as structuring forces in the communities, a large and often equal proportion of species pairs were spatially independent. Spatially independent relationships among species are common in plant communities, tending to be more frequent in species-rich communities (Perry, Miller, Enright, & Lamont, 2014; Punchi-Manage et al., 2015; Wiegand et al., 2012) . Despite the twofold difference in species richness among the alpine communities studied there were no differences in the amount of spatially independent distributions. Spatial independence of species pairs may occur from a lack of biotic interactions due to stochastic factors influencing the identity of neighbouring species (Hurtt & Pacala, 1995; McGill, 2010) , or the net interaction between them is neutral. Deterministic processes have been suggested as having increasing importance in forests in colder environments at higher latitudes (Furniss, Larson, & Lutz, 2017; Myers et al., 2013; Qiao, Jabot, Tang, Jiang, & Fang, 2015) . Given the generally unproductive, resource-poor nature of alpine communities as a whole, a larger role of deterministic processes, including biotic interactions and microhabitat preference, and a lower contribution of stochastic processes would be expected (Chase, 2010; Fargione, Brown, & Tilman, 2003; Hubbell, 2001 ). More harsh environmental conditions such as those found in the alpine are thought to exert a greater filter on species presences in communities, and facilitation is important to the establishment and persistence of species. Yet alpine species are well adapted to low temperatures, high winds and high ultraviolet radiation, considered stressful for most species (Körner, 2003) .
Additionally, the slow growth rates of many alpine species lessen their requirements for soil resources (Atkin & Day, 1990; Bowman & Bilbrough, 2001; Körner, 2003; Theodose et al., 1996) , lowering the intensity of competition for resources. Thus it is perhaps not surprising that the spatially independent patterning of species was common across alpine communities. Hypotheses regarding the prevalence of biotic interactions and stochasticity in structuring communities should consider the evolutionary history of the species within the context of their environment. In other words, stress may not always be appropriately inferred as an important influence in community processes, given the adaptations of the available species.
Individual study species exhibited spatial relationships with other species consistent with previous work on their abilities to compete with or facilitate neighbours. Deschampsia caespitosa exhibits many characteristics of a competitive species: it has high growth and N uptake rates and can adjust biomass allocation (root:shoot ratios) based on resource needs (Bowman & Bilbrough, 2001; Steltzer & Bowman, 1998; Theodose et al., 1996) . Removal experiments demonstrate that it suppresses growth of neighbours and species diversity in its neighbourhood (Suding et al., 2004; Suding et al., 2008) . Consistent with this F I G U R E 4 Spatial patterns for Trifolium dasyphyllum and Silene acaulis in relation to neighbouring species in fellfield communities on Niwot Ridge, Colorado, USA. p-values indicate outcome of chisquare test for differences of expected proportions among the spatial patterns experimental work, Deschampsia had higher negative spatial patterning with neighbours, and never showed positive patterning with any species, indicating strong competitive interactions. Similarly, Geum rossii has been shown to suppress neighbour growth by its manipulation of microbial biomass through exudation of secondary compounds, and subsequently the supply of N to plants (Bowman, Steltzer, Rosenstiel, Cleveland, & Meier, 2004; Meier & Bowman, 2008) . Geum exhibited the largest negative patterning with neighbours in moist meadows, which have the highest resource supply and production of the three communities examined, but less pronounced negative patterning in the dry meadow and fellfield communities. Thus its competitive effect was not consistent across all communities. The influence of Geum on neighbours may rely on sufficient soil moisture for root exudates to influence microbial activity, and population variation in the types of secondary compounds produced (Meier, Keyserling, & Bowman, 2009 ).
Three species shown to facilitate neighbour species in previous research had predominantly positive spatial patterns with neighbours.
Paronychia pulvinata and Silene acaulis grow as a cushion plants in the fellfield, and have been shown to enhance the establishment of other species (Antonsson, Björk, & Molau, 2009; Griggs, 1956) . Trifolium dasyphyllum fixes substantial amounts of N 2 in association with Rhizobia in its root nodules (Bowman, Schardt, & Schmidt, 1996) , leading to increased pools of soil N and higher plant diversity in its neighbourhood (Thomas & Bowman, 1998) . Consistent with this earlier work we found greater positive than negative spatial patterning with Trifolium and its neighbours.
In summary, the spatial patterning of plant species in three alpine communities indicated that biotic interactions contribute to the presence and abundance of species within the communities, although most species pairs exhibited spatial distributions independent of neighbours, indicating no net biotic interactions. Facilitative interactions, as indicated by positive patterning in species pairs, were most common in the more resource-poor, least productive fellfield community. Competition, as indicated by negative spatial patterning, was more common in the dominant species of the more resource-rich and productive dry and moist meadow communities. The spatial patterns we found for species previously shown to be good competitors or facilitators were consistent with the earlier research. These results indicate that facilitation is not the dominant biotic force in structuring alpine vegetation as a whole, as has been suggested based on the stress gradient hypothesis. Rather, the alpine is a collection of plant communities exhibiting greater facilitation in more resource-poor (but not necessarily more stressful) communities, and more competition in more resource-rich communities, primarily by the dominant species in the communities. Stochastic species distributions were as frequent as those indicating biotic interactions, consistent with work in tropical and temperate forests and shrublands, suggesting dispersal and survival of species across the alpine landscape may be as important as biotic interactions in determining alpine plant composition and diversity.
